The activation of Coxiella burnetii metabolism in acidic buffers has been interpreted as reflecting an adaptation of this rickettsia to growth within the phagolysosome of eucaryotic cells (5, 6, 8) . To further probe the mechanisms of pH dependence for substrate transport and metabolism by C. burnetii, we have investigated the system for the transport of glutamate, apparently a prime carbon and energy source for C. burnetii and one of the substrates most readily metabolized by this organism (8). Particular emphasis is placed on the energetics of that system. MATERIALS AND METHODS Organisms. The Nine Mile strain of C. burnetii, phase I (clone 7), was propagated in specific pathogenfree, fertile hen's eggs (SPF type IV; H and N Hatchery, Redmond, Wash.) and purified from 7-day infected yolk sacs by Renografin density gradient centrifugation as previously described (18).
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Metabolism studies. Catabolism of "C-labeled substrates to CO2 or incorporation into a trichloroacetic acid-insoluble product was determined as previously described (6) . Results are expressed as nanomoles of substrate recovered as CO2 or incorporated.
Transport studies. Initial rates of glutamate transport were also determined as previously described (6) .
Briefly, freshly harvested and purified C. burnetii cells were suspended at a concentration of 5 mg of dry weight per ml in P-25 buffer (6) at the desired pH. The transport medium contained 40 mM potassium phosphate, 122 mM KCl, 12 mM NaCl, 80 mM glycine, and an amount of L-[U-14C]glutamate as denoted in the figure legends. Additional components of the transport medium, such as nonlabeled substrates or metabolic inhibitors, were prepared in P-25 buffer and, when necessary, adjusted to the desired pH by the addition of NaOH or HCI. When transport was to be assayed in other than P-25 buffer, the organisms were washed once with the buffer to be used. Organisms and components of the transport medium were thermoequilibrated for 5 min at 37°C, and transport was initiated by the addition of prewarmed substrate. Samples of 100 tl were removed at 30, 60, 90, 120, and 240 s from the reaction vessel and immediately filtered through prewetted filters of 0.22-,um pore diameter (GSWP; Millipore Corp., Bedford, Mass.) followed by a wash with 15 ml of P-25 buffer (pH 6.0) at room temperature. Immediately after filtration, the filters were removed from the vacuum filtration apparatus and solubilized in 7.5 ml of Aquasol (New England Nuclear Corp., Boston, Mass.), and radioactivities were determined approximately 24 h later in a liquid scintillation spectrometer equipped with automatic quench correction (LS 9000; Beckman Instruments Inc., Irvine, Calif.). Initial rates of transport were calculated from the linear portion of the uptake curve and reported here as picomoles per milligram of dry weight.
Determination of ApH. The intracellular pH and ApH were determined as described in the accompanying paper (5 (8) .
The sulfhydryl group inhibitor N-ethylmaleimide reduced rates of glutamate transport from 4.36 to 3.37 and 2.40 pmol/s per mg of dry weight d Catabolism and incorporation were determined as described previously (7), except that glutamate was at a final concentration of 10 mM (0.1 uCi/,Lmol). The temperature dependence of glutamate transport is demonstrated by the Arrhenius plot in Fig. 3 . A sharp break in the slope between 10 and 20°C was observed and may reflect a membrane phase transition. An activation energy of 12.9 kJ was calculated from the linear portion of the curve between 20 and 40°C.
Ion requirements. The inhibition of transport by either of the proton ionophores, carbonyl cyanide-m-chlorophenyl hydrazone or 2,4-dinitrophenol suggested that a proton motive force may be involved in the energization of glutamate transport. It was not clear, however, whether transport was directly coupled to H+ symport or whether the role of a proton motive force was in the maintenance of an Na+ gradient to drive Naglutamate cotransport. The ion requirements for glutamate transport were therefore examined. The cumulated results from three sets of experiments revealed that the rate of glutamate transport at pH 3.5 ranged from 6.20 to 6.88 pmol/s per mg of dry weight in the presence of 134 mM KCl and between 3.41 to 3.67 pmol/s per mg of dry weight when the salt was replaced by sucrose. Rates of transport in the presence of NaCl, MgCl2, LiCl, NH4Cl, RbCl, CaCl2, CsCl, MnCl, choline chloride, and KBr (each at 134 mM) varied between 5.06 to 7.12 pmol/s per mg of dry weight. Rates of glutamate transport in the presence of 134 mM K2SO4, KI, KSCN, KNO3, KF, or K acetate were 3.43, 3.38, 1.36, 0,80, 0.33, and 0.18 pmol/s per mg of dry weight, respectively. Unlike in Escherichia coli (4, 14, 17) , rates of glutamate transport by C. burnetii showed no apparent dependence of the cation supplied, but were inhibited by the presence of ions other than Cl-or reduced when the Cl-salt was replaced with an equivalent molarity of sucrose. Bromide was the only anion tested that could be substituted for Cl-without resulting in reduced rates of transport. Decreased rates of glutamate transport in the absence of Cl-at pH 3.5 were observed whether transport was assayed in a potassium phosphate-glycine, sodium phosphate-glycine, or sodium citrate-glycine buffer (data not shown).
DISCUSSION
The transport and metabolism of a number of substrates by C. burnetii in axenic reaction buffers is highly dependent upon the pH of the suspending buffer. This requirement for acid pH has been interpreted as an adaptation of this organism to growth within the acidic environment of the phagolysosome (6 metabolized by this organism (8) . The data presented here demonstrate that C. burnetii possesses a transport system for glutamate that displays considerable structural specificity and is energy and temperature dependent. Because of the correlation observed between ApH and rates of glutamate transport, it seems that glutamate transport by C. burnetii is energized via a proton motive force. Since transport is most often maximal at an extracellular pH at which the electrical component (Ad) is approximately 0 (5), ApH appears to provide the majority of the driving force for glutamate uptake. Such an interpretation would provide an explanation for the apparent discrepancy we have observed (6) between optimal pH for transport and that for metabolism, as the ApH increases with decreasing extracellular pH even in nonrespiring cells (5) .
Of seven related compounds tested, only two competitively inhibited glutamate transport. This system therefore possesses structural specificity as well as stereospecificity, but differs in specificity from the glutamate transport system ofE. coli (9, 17) . Only L-glutamine and Lasparagine effectively competed for the uptake of L-glutamate by C. burnetii at pH 3.5. This system may thus function in the transport of these related compounds.
The sensitivity of glutamate transport to metabolic inhibitors further implies a proton motive force as the driving force for glutamate transport. All of the inhibitors, except arsenate, inhibited either catabolism or incorporation (or both) of glutamate as well as blocked ATP synthesis (8) at the concentrations employed. Only those uncouplers of oxidative phosphorylation, carbonyl cyanide-m-chlorophenyl hydrazone and 2, 4-dinitrophenol, which act as proton ionophores (10), effectively reduced rates of glutamate transport.
When the effect of temperature on glutamate was examined, a sharp break in slope was apparent between 10 and 20°C, possibly indicating a membrane phase transition. A membrane phase transition temperature of 10°C has been demonstrated in the thermophilic acidophile Bacillus acidocaldarius (15) . In this case, it was proposed that the condensing action of hopane glycolipids of the cytoplasmic membrane may be of survival advantage at low pH since passive diffusion of protons and solutes would be reduced in a more stable membrane. Whether increased membrane stability at low temperatures may contribute to the extracellular survival of C. burnetii remains open to speculation as there is little information concerning cytoplasmic membrane composition, structure, or function for this organism.
Cation-substrate cotransport systems have been described in a number of procaryotic and eucaryotic cells (3, 11, 12, 16) . In E. coli, glutamate transport has been reported to be coupled to an electrochemical potential difference of sodium ions rather than a pH gradient as the immediate source of energy (4, 14, 17) . C. burnetii displayed no requirement for a specific cation to stimulate glutamate transport, although transport was inhibited when the salt was replaced with sucrose or when anions other than Cl-were present. Only Br-could satisfy the apparent requirement for Cl-. Rather than representing anion-substrate symport, it appears that the requirement for Cl-involves a role of Cl-in cytoplasmic pH homeostasis by C. burnetii (manuscript in preparation).
An examination of the kinetics of glutamate transport by C. burnetii revealed that the K, did not show sharp pH dependence between pH 2.7 and 4.6 as would be predicted if there were protonation of an essential ionizable group within the substrate binding site (1) . As kinetic parameters were not calculated at a pH greater than 4.6, the possibility of an essential protonation in substrate-carrier association cannot be ruled out, although if protonation is required, the pKa of this group must therefore be greater than 4.6. It is apparent, however, that V1max is highly dependent upon the external pH. This parameter increased with decreasing pH down to an external pH of about 2.7 and exhibited positive correlation with ApH. This type of analysis is complicated by considerations of the protonation of the substrate as glutamic acid has PKa values of 2.19, 4.25, and 9.67 (13) , but it appears that the pH dependence of glutamate transport largely represents increasing ApH with decreasing external pH and that ApH energizes glutamate transport. This apparent requirement for acidic conditions to create a ApH sufficient to drive transport processes seems to be one factor restricting growth of C. burnetii to the phagolysosome of eucaryotic cells.
